A technique for electron spectroscopy which yields full two-dimensional momentum distributions for continuum electrons has been used to study ejected electrons from single ionization of He by C 6ϩ and proton projectiles at low velocities. Projectile velocities of 1.63, 1.38, and 1.16 a.u. for C 6ϩ and 2.39, 1.71, 1.15, .85, and 0.63 a.u. for protons were used. All spectra show much broader distributions along the beam than transverse to the beam. For the case of proton bombardment, the spectra are strongly influenced by both target and projectile potentials, maximizing near the velocity of the saddle in the potential between the two receding ion cores for the lowest projectile velocities. For C 6ϩ projectiles, the spectra appear to be dominated by the projectile potential and the center of the distribution is strongly shifted toward the projectile velocity. Theoretical results from the continuum-distorted-wave-eikonal-initial-state and classical-trajectory-Monte Carlo methods are in rather good agreement with the proton data but do not agree well with the C 6ϩ data.
I. INTRODUCTION
The ionization of a neutral target by a fast projectile of charge Z and velocity v is rather well understood if Z/v is small. ͑Throughout this paper we use the term ''ionization'' to mean that an electron is removed from the target to the continuum with no change in the projectile charge state.͒ Under such conditions, the process can be treated perturbatively and is dominated by ''direct ionization'' ͑DI͒ of electrons into the low-energy target-centered continuum. The corresponding ''soft electrons'' dominate the continuum electron spectrum, but there appear also in this spectrum two other prominent features associated with specific mechanisms, namely ''binary encounter electrons'' resulting from hard projectile-electron encounters and ''cusp electrons'' from electron capture to the continuum ͑ECC͒. The former follow binary encounter kinematics appropriate to projectilefree-electron encounters, while the latter are found centered on the projectile in final velocity space. For large Z and/or small v, ionization can no longer be treated perturbatively, the description of the electron spectrum in terms of soft, cusp, and binary encounter electrons ceases to be useful, and new identifications of features in the spectrum and the associated ionization mechanisms are called for. For the case of proton impact there exists extensive literature ͓͑1͔ and references therein͒ in both experiment and theory. Nevertheless, there remains controversy over the mechanism͑s͒ responsible for ionization at small v. In order to address this problem, we report in this paper comprehensive experimental electron spectra for ionization of He in the nonperturbative region for both protons and C 6ϩ projectiles at low v. For intermediate-to low-velocity impact ionization, cross sections were calculated by Shakeshaft ͓2͔ for pϩH collisions. He found that the projectile-centered contribution to the total ionization cross section was larger than the targetcentered one for impact energies below 60 keV, a surprising result, since at higher impact energies the projectile-centered contribution is only a small fraction of the total ionization cross section. A possible explanation for the relative increase of ECC is that electron capture becomes increasingly important relative to the DI process as the collision velocity is lowered, and eventually completely dominates the collision dynamics. Also, in the low-energy region the calculated cross sections were well below the measurements by Park et al. ͓3͔ . Performing classical-trajectory-Monte Carlo ͑CTMC͒ calculations on pϩH collisions with impact energies from 25 to 200 keV, Olson ͓4͔ , found that a significant number of continuum electrons had velocities near v p /2, where v p is the velocity of the projectile. He attributed these electrons to target ionization that could occur by stranding continuum electrons on the saddle of the potential between the two receding Coulomb centers. Experimentally, these v p /2 electrons were later measured by Olson et al. ͓5͔ . Winter and Lin ͓6͔ used a triple-center atomic-state method, where the third center was at the unstable equilibrium point ͑saddle point in the potential͒ between the nuclei for pϩH collisions having impact energies between 1.5 and 15 keV. At these low-impact energies they found that the bound states localized on the third center were the primary ionization channels. This triple-center method explicitly takes into account electrons originating from the saddle point in the potential. A classical description of this mechanism would be the following. As an ion approaches an atom, the potential wells separating them lowers enough that the electron from the atom can overcome its parent potential barrier, becoming ''molecular.'' If the electron resides on top of the potential barrier ͑saddle point͒ as the two centers separate, the electron gets ''pushed up'' as the potential barrier increases and the electron is finally ionized when the collision partners are far apart. In an alternative adiabatic potential-energy curve description of this process ͓7͔, the electron is promoted diabatically through a series of crossings ͓8͔, which track the top of the potential barrier as the centers separate, finally ending up in the continuum. A continuum electron so generated will have a velocity near the velocity of the saddle point, which is given by
where v p is the velocity of the projectile and q t and q p are the charge states of the target and projectile ͑respectively͒ after ionization. In the curve-crossing treatments discussed by several authors ͓7-10͔, this process is referred to as the T process. Many experimental and theoretical searches for these saddle-point electrons have been made, and the subject continues to generate controversy. Evidence for saddle-point electrons was found experimentally by Irby et al. ͓11͔ , and C 3ϩ projectiles on He and Ne targets also exhibited evidence for the saddle-point mechanism. Again, these conflict with results from DuBois
, and C 4ϩ on He. Furthermore in Ref. ͓14͔, it is concluded that using ''dressed'' ͑not fully stripped͒ projectiles is inappropriate when searching for saddle-point electrons. This is due to direct projectileelectron-target-electron interactions, which increases the cross section for low-energy electron emission from the target beyond that of a bare projectile of the same charge state. Meckbach et al. ͓15͔ also dispute the existence of saddlepoint electrons based on their experimental results for pϩHe at 52-and 103-keV collision energies. Pieksma et al. ͓16͔ pointed out that the T process can be described in terms of adiabatic theories that are applicable to collision velocities less than 1 a.u., well below the velocity range of the abovementioned experiments. Pieksma et al. measured the ejected electron velocity distributions in H ϩ ϩH collisions at energies between 1 and 6 keV and interpreted their results as evidence for the T process.
A second mechanism for low-energy ionization is the S process discussed by ͓9͔. In the S process ionization occurs as the two nuclei approach each other at small internuclear distances, where the target electron can be diabatically promoted into the continuum through a series of hidden crossings ͓7͔. A classical description of the process might be that, as the two nuclei approach very close to each other, a centrifugal barrier is formed that forbids the electron from existing between the two nuclei. An electron ''riding'' on this barrier will be diabatically pushed up as the nuclei approach each other and left in an excited or continuum state. Recent theoretical results by Ovchinnikov and Macek ͓10͔ for proton impact on H with a velocity of 0.4 a.u. show that S-type electrons are peaked in momentum space at both the target and projectile. When considering the S and T processes in the hidden-crossing framework, these processes are clearly molecular in nature and thus this description is best suited to low-impact velocities, where molecular effects are important.
For . From the totalionization cross sections determined from the experiment, they found a scaling relation similar in form to that expected for saddle-point ionization. Though not conclusive evidence, the agreement between the experimental and theoretical scaling relation is consistent with the hypothesis that the saddlepoint mechanism is important in these collisions in the scaled velocity range of 0.7рv p q p Ϫ1/4 р1.03 a.u. However, identification of the ionization mechanism from total cross sections alone is at best very risky, and we were thus led to seek a more definitive feature of the mechanism by measuring the momentum-space distributions of the continuum electrons. For the S and T processes, these distributions are expected to be quite different. T-process electrons should lie near v s , while S-process electrons should be centered near the projectile and target ͑for symmetric collisions͒ and near the center of mass for highly charged projectiles ͓7͔.
In this paper we present experimental and theoretical results for the ejected electron momentum distributions ͑EE-MDs͒ in two dimensions ͑integrated over the third momentum component͒ for single ionization in collisions of protons and C 6ϩ on He. The EEMD parallel (Z) to the projectile beam axis and one-component perpendicular (Y ) to the beam axis were measured. We use a technique for electron spectroscopy that gives a complete two-dimensional view of the electron momentum distribution as opposed to the usual measurement of electron-energy spectra at selected angles. This technique results in a two-dimensional image that qualitatively gives a clear picture of the ejected electron angular distribution. One-dimensional projections of the twodimensional distributions yield quantitative spectra that can be compared with definite theoretical predictions. For the proton data the projectile velocities were v p ϭ2.39, 1.71, 1.15, 0.85, and 0.63 a.u. corresponding to projectile energies of 143, 73, 33, 18, and 10 keV. The projectile velocities for the C 6ϩ data were v p ϭ1.63, 1.38, and 1.16 a.u. corresponding to 858, 618, and 438 keV projectile energies. The use of naked C 6ϩ ions precludes any contributions to the ionization cross section by direct projectile-electron-target-electron interactions, thus resulting in less ambiguity in the interpretation of the spectra, addressing the problems related to the dressed-projectile-target ionization mentioned in Ref.
͓14͔.
Two theoretical treatments are used here. One is the continuum-distorted-wave-eikonal-initial-state ͑CDW-EIS͒ method ͓18,19͔ and the other is the classical-trajectoryMonte Carlo ͑CTMC͒ method ͓20͔. Application of the CDW-EIS method to the present experiment has been given in detail in Ref. ͓21͔ . The CDW-EIS model has the important feature that the ejected electron is described as moving in the combined field from both the target and the projectile ions. Since the CDW-EIS model includes effects due to the longrange nature of the target and the projectile interactions in the entrance and exit channels, it has proven to be quite successful in describing ionization of atoms by protons and by other heavy ions at high to intermediate impact energies.
II. EXPERIMENTAL TECHNIQUE
The experiment was carried out in the J. R. Macdonald Laboratory at Kansas State University. The protons and C 6ϩ ions were provided by the KSU CRYEBIS facility ͓22͔. Figure 1͑a͒ illustrates the experimental setup and Fig. 1͑b͒ is the time-of-flight ͑TOF͒ spectrometer that was used to detect the recoil He ions and ejected electrons. The TOF spectrometer's axis was positioned perpendicular to the projectile beam that passed through a spectrometer region of uniform electric field of 420 V/cm. This uniform electric-field region extended 3.8 cm toward the direction of increasing positive potential where a two-dimensional position-sensitive detector ͑2-dpsd͒ was positioned for detecting electrons. The He qϩ recoil ions were accelerated in the opposite direction through 4.5 cm and then entered a field-free drift region of 7.1 cm after which they were detected by another 2-dpsd. The electron and recoil ion detectors were identical, using microchannel plates in a chevron configuration with a wedge-and-strip-type anode. The magnetic field in the spectrometer region was kept below 50 mG by three sets of Helmholtz coils oriented perpendicular to each other. After exiting the spectrometer, the projectile beam passed through an electrostatic deflector that separated the projectile charge states and then was detected by another 2-dpsd. The C 6ϩ projectiles, He qϩ recoil ions, and ejected electrons were detected in a triple coincidence mode as indicated in Fig. 1͑a͒ . This allowed us to separate unambiguously the low-crosssection ionization channel from the larger single-capture, double-capture, and transfer ionization channels. For example, our spectra for the ionization channel were gated on the projectile detector position corresponding to C 6ϩ , the He ϩ time peak in the recoil-electron TOF spectra, and the time peak in the electron-projectile TOF spectra. The last gate was necessary to reduce a subtle background from the reaction C 6ϩ ϩHe→C 5ϩ ϩHe ϩ ϩh, where the photon was detected by the electron detector and the C 5ϩ ion was not detected. In this situation it is possible to register a C 6ϩ from the intense main beam within the strobe time ͑Ϸ5 sec͒ of the data acquisition computer, but less likely for it to occur during the 0.02-sec-wide electron-projectile time-toamplitude converter ͑TAC͒ peak. The count rate on the projectile detector ranged from 30 to 100 kHz. For the proton data, only coincidences between the He ϩ recoils and electrons were necessary. A diffuse He gas target was used in the vacuum chamber housing the spectrometer and the target pressure was kept below 5ϫ10 Ϫ6 Torr, making double collisions improbable. Contamination of the C 6ϩ beam with C 5ϩ was less than 1%. The electron momentum was determined in the following way. The He recoils is born with low energy, is quickly accelerated in the high-electric-field region of the spectrometer, and travels in a nearly straight line trajectory to the recoil detector, pinpointing the origin of the ionization event.
The electron is accelerated in the opposite direction and its position on the detector is recorded. The recoil (Y ,Z) position ͑origin of the electron͒ is subtracted from the electron (Y ,Z) position that results in a (Y ,Z) position spectrum proportional to the initial Y and Z components of the electron momentum ͑see Fig. 1͒ . The proportionality constant between the position and momentum can be calculated using the known dimensions and electric fields in the spectrometer. Verification of the calculated constant was accomplished by examination of the 3l3lЈ transfer ionization channel in the present C 6ϩ ϩHe data. 1 . Schematic of the experimental setup illustrating the geometry of the three two-dimensional position sensitive detectors ͑2-dpsd͒ for triple coincidence between the ejected electrons, recoil ions, and projectiles. Also included is a schematic of the time-offlight spectrometer ͑b͒. The plates in the acceleration region are connected together by a resistor chain so that a uniform field is created. The letters correspond to the following applied potentials: AϭϪ3. 02, BϭϪ3.03, Cϭ0.50, Dϭ0.25, and Eϭ0.21 kV. be isolated in our experiment by recording electrons in coincidence with C 5ϩ and He 2ϩ ions. In the corresponding twodimensional electron-momentum spectra the Auger lines appear as an annular pattern centered on the projectile velocity as seen in Fig. 2͑a͒ . In Fig. 2͑a͒ the annular pattern is not uniform, indicating enhanced forward-backward Auger emission. The diameter of the annular region is twice the known Auger electron momentum. Figure 2͑b͒ is a projection of a small slice ͑around P Y ϭ0͒ of Fig. 2͑a͒ on the Z-momentum axis where the location of the electrons emitted from the nϭ3, nЈϭ3 states can be clearly identified. The most dominant feature in both Figs. 2͑a͒ and 2͑b͒ is the large broad peak at velocities just above v p . These electrons are emitted from the projectile with very low energies ͑Ϸ70 meV͒ and possibly originate from high-lying doubly excited states. A similar peak is not seen in the backwards direction in the frame of the projectile as is seen with the nϭ3, nЈϭ3 Auger lines. We have no physical explanation for the origin of this strange asymmetry, and indeed its origin poses very intriguing questions, but this is another subject and is not in the scope of this paper. Comparison of our 3l3lЈ spectrum with that of Stolterfoht et al. ͓23͔ and the calculations of Bhalla et al. ͓24͔ verifies our computed momentum calibration. The location of Zϭ0 in our electron spectrum was calculated on the assumption that the electric-field axis was perpendicular to the detector surfaces ͑magnetic-field effects were minimized by the Helmholtz coils͒. The possibility of small misalignments of the electric field or position of the detectors could be corrected for by using the observed location of the center of the transfer ionization annuli. The center lies at the (Y ,Z) position corresponding in velocity space to the projectile velocity, and the known momentum calibration was used to calculate the zero position. The zero position could also be checked by examination of the Z-momentum distributions for the ionization channel. When projecting the two-dimensional spectra on the Z axis for only small P Y , a small kink appears in the distribution ͑see Sec. IV͒, at the velocity of the projectile, corresponding to ECC electrons. The location of P Z ϭ0 in the final momentum spectra was determined with a precision of Ϯ0.06 a.u. and the momentum scaling better than 5%.
The electron (Y ,Z) momentum resolution in our experiment depends on several factors: ͑1͒ the initial momentum of the electron, ͑2͒ the initial momentum of the recoil ion, and ͑3͒ the position resolution of the detectors. The initial electron momentum affects the resolution in the following way. The Z-and Y -positions on the electron detector are related to the initial velocities by Zϭv Z t and Y ϭv Y t, respectively, where t is the TOF of the electron. For an electron born at rest, t is about 3.4 nsec, and the spread in t due to different initial X momenta is less than 1 nsec, too small to be measured with our time resolution. Accordingly, the initial X momentum of the electron cannot be determined in our experiment. This unresolved spread in t leads to an uncertainty in the calculation of v Z and v Y . The size of this effect on the Y and Z resolution was determined with the knowledge that the electron momentum distribution is cylindrically symmetric about the Z axis, i.e., the X-momentum distribution is the same as the Y distribution. Using this assumption the Z (Y ) momentum uncertainty was calculated to be 0.08ϫp Z(Y ) full width at half maximum ͑FWHM͒ in the worst case of protons on He at v p ϭ2.39 where the Y -momentum distribution has the largest width. For C 6ϩ on He at v p ϭ1.63 the resolution was calculated to be 0.04ϫ
The detected position of the recoil ion is assumed to be traceable back to the origin of the ionization event ͑see Fig.  1͒ . This would be completely true if the initial momentum of the recoil ions were zero. Since the He atoms initially have a room-temperature thermal distribution and the recoil ions get a ''kick'' from the collision, there is some error in determining the origin of the ionization event, which translates into decreasing the resolution of the EEMD. The momentum given to the recoil ion in the longitudinal direction ͑Z direction͒ is about 0.25 a.u. and has a negligible effect on the resolution. Wu ͓25͔ measured the transverse recoil ion mo-
at v p ϭ1.34-1.53 a.u. Assuming that the recoil ion momentum will be similar in our experiment using C 6ϩ at similar velocities, we can estimate what the Y -direction momentum distribution will look like and its effect on the EEMD resolution. Estimating the initial X and Y momentum to be FIG. 2. Two-dimensional electron momentum distribution ͑a͒, from the transfer ionization channel, used for momentum calibration of the time-of-flight spectrometer. ͑b͒ is a projection of a small slice from the center of ͑a͒. One can clearly see the 3l3lЈ Auger lines in the forward and backward directions and the strong peak associated with the electrons emitted in the forward direction with small velocities relative to the projectile.
Ϯ3.4a.u., the effect from this on the Y -direction resolution is 0.15 a.u. The initial X momentum of the recoil ion has no conse-quence on the resolution because of the strong electric field in the X direction. For the proton data we know only of recoil P Ќ data at projectile velocities well above ͓26͔ (v p ϭ4.47) and at our lowest velocity ͓27͔ (v p ϭ0.63). Assuming P Ќ behaves similarly to that predicted by the Rutherford scattering formula FIG. 3 . Contour plots of the two-dimensional electron momentum distribution from pϩHe and C 6ϩ ϩHe collisions for the ionization channel. The solid lines are located at the projectile velocities.
where b is the impact parameter, we estimated a characteristic width of the recoil Y -momentum distribution to be Ϯ1.6 a.u. This affects the resolution by 0.07 a.u. Finally, the position resolution of our recoil and electron detectors is about 0.5 mm, which translates into a momentum 
, and for the C 6ϩ data,
III. QUALITATIVE COMPARISON OF PROTON AND C 6؉ RESULTS
Figures 3͑a͒-3͑e͒ ͓3͑f͒-3͑h͔͒ are two-dimensional contour plots of the EEMD for the proton ͑C 6ϩ ͒ data. The differences of magnitude between contour lines of individual plots are constant in spacing, but differ between plots due to the differing number of counts in each spectrum. Figure 3 gives a clear picture of the two-dimensional momentum distribution, and the differences between the proton and C 6ϩ data become obvious. These two-dimensional representations of the EEMD demonstrate the visual advantages of this technique for electron spectroscopy. The C 6ϩ data are clearly narrower than the proton data in the Z and Y directions. Also the C 6ϩ data are strongly forward peaked and peak at higher momentum in the Z direction, relative to v p , than do the proton data for a given v p . The number of backward ejected electrons ( P Z Ͻ0) for the proton data is significant while the C 6ϩ data have very few electrons emitted in the backwards direction. The peak shift behavior as a function of v p is also different. The proton data go from peaking near the target at high-impact velocities to peaking near v p /2 at lower-impact velocities. On the other hand, the C 6ϩ projectile data are shifted strongly toward v p . The narrower and more forward peaking C 6ϩ data can be the effect of the much stronger projectile interaction with the ejected electron than is the case with the proton projectile. experimental data are compared with the CDW-EIS and CTMC theoretical calculations. The experimental data were integrated and then normalized to the total ionization cross sections ͓28͔. The peak heights of the theoretical results were scaled to coincide with the experimental peak heights so that the momentum-distribution shapes could be easily compared. Table I contains the values the theoretical results were multiplied by. In general, the experimental and theoretical results are in good agreement, except for v p ϭ1.15 a.u., where the CDW-EIS result is more strongly peaked near the projectile velocity ͑Z distribution͒ than is the experiment. Results for the CDW-EIS are not shown below v p ϭ1.15 a.u. since it is known that the theory is not valid for those low velocities. The progression of the spectra of Figs. 3 and 4 as the projectile velocity is lowered can be discussed as a continual progression from high-to low-velocity impact ionization mechanisms. Beginning at the highest velocity of 2.39 a.u., for which DI ͑soft electrons͒ and ECC ͑cusp electrons͒ are still appropriate terms, one can identify the major ionization mechanism as being DI to the target continuum. A small kink in the EEMD exists at v p that represents capture into the projectile continuum. This kink is much more noticeable when electrons with only small Y momenta are examined, as shown in Fig. 5 . Such a spectrum that integrates over all X momenta still emphasizes forward electrons. The kink seen in that spectrum is that seen in the energy-loss spectra of Vajnai et al. ͓29͔ and corresponds to the cusp peak routinely observed in 0°spectra at high velocities. It is clear that, even at this velocity, this feature represents only a small contribution to the total cross section and would likely be overlooked without emphasis on forward directed electrons. As v p is reduced, DI electrons can more strongly interact with the Coulomb potential of the outgoing proton; thus the DI electrons can be described as focused and pulled toward the projectile ͓30͔. This shifts the DI electron peak closer to v p in the longitudinal (Z) direction and narrows the distribution in the Y direction. As v p is reduced, the ECC contribution appears to grow in relative importance, but the overlap of these ECC electrons with the DI peak becomes so strong that it is no longer possible to describe these as different features in the spectrum. The two features in the spectra coalesce into a single peak that seems to settle at approximately the velocity of the saddle of two singly charged ionic cores. Whether this result by itself constitutes evidence for the dominance of the T process is not immediately claimed, but the data certainly seem qualitatively consistent with the physical picture of saddle-point electrons. The evolution of the longitudinal momentum spectrum from the target centered toward the saddle is emphasized in Fig. 6 , where the data are plotted versus v z /v p , thereby removing the influence of the overall scale factor v p from the appearance. This evolution of the spectrum is qualitatively described by both the CDW-EIS and CTMC calculations, although the former seems to overestimate the importance of the projectile-electron interaction at v p ϭ1.15 a.u.
IV. RESULTS: H
The relative narrowing of the spectrum in the transverse(Y ) direction is also rather well described by both calculations. We note that, because of the rather complicated dependence of the resolution function on the electron momenta, we have not tried to fold the theoretical spectra into the experimental resolution function. Such a folding would be expected to have only a small effect on most of the spectra, but for the very narrow transverse distributions at vϭ0.85 a.u. and below such a folding would improve the agreement between the CTMC and experimental transverse spectra. The transverse spectra evolve from nearly equal longitudinal width at 2.39 a.u. to sharply centered on the beam axis at low velocities. Such a behavior could be ascribed within the saddle-point terminology as due to an adiabatic transverse cooling of the electrons as the transverse harmonic potential well seen by these electrons gradually dissolves as the ion cores recede from each other. experimental results were normalized to the total cross sections ͓4͔ and the theoretical results were scaled in the same way the proton data were ͑see Sec. III and Table I͒ . The experimental EEMD for the C 6ϩ data are substantially different from those of the proton data.
We note that while the velocity range covered by the proton data go from below to above the velocity-matching maximum in the total cross section, the C 6ϩ data all lie at velocities far below the corresponding maximum, and thus should be viewed as representing only the low-velocity region. The longitudinal spectra are resolutely centered at a velocity of about 3/4 v p in all spectra. This characteristic is more clearly shown in Fig. 8 , which shows these spectra plotted versus v z /v p . There is no evidence of any feature in the spectra at the location of the saddle, which, for a C 6ϩ core receding from a He ϩ core, would be located at v z ϭ0.29v p . On its surface, it would appear that the data do not support the most naive picture of ionization through the saddle-point or T-process mechanism. On the other hand, the maximum in the spectra of Figs. 7 and 8 does appear to be near the velocity of the center of mass of the system, v Z ϭ0.76v p . It is suggested by Bárány and Ovchinnikov ͓7͔ that the S process should produce continuum electrons centered near this velocity for highly charged projectiles. ͑We have unpublished data for other systems that indicate that the near exact coincidence of this maximum with the center-of-mass velocity is somewhat accidental.͒ The experimental result might be interpreted as evidence for the importance of the S process as an ionization mechanism. Our results appear to be contrary to the calculations of Bárnány and Ovchinnikov ͓7͔, who predict that the S and T processes are important in ionization of hydrogen by highly charged ions in the energy range we have studied. However, we point out that no quantitative evaluation of the expected spectrum for either the S or T process has ever been made for a highly charged projectile, and that only qualitative predictions are presently available. The data seem to state that the strong C 6ϩ potential insists on carrying not only captured but also continuum electrons with it as it departs.
To some extent this behavior is predicted by the theoretical calculations. In particular, the CDW-EIS predicts that at all three velocities studied here the EEMD are strongly peaked at v p in the Z direction. However, this calculation gives a much too sharply peaked longitudinal distribution, especially for the lower two values of v p , and seems to overemphasize the role of the projectile potential. The CTMC result predicts that hardly any electrons are ejected with velocities of v p , in disagreement with the experimental results. Both the CDW-EIS and the CTMC reproduce the relatively narrow transverse momentum distributions, with the CTMC doing the better job. The physical origin of this behavior may again be attributed to transverse cooling of the electrons near the saddle, which could be an operative mechanism, even if the final electron longitudinal velocity is not at the saddle-point velocity. It should be noted that the close-coupling calculations of Wang et al. ͓31͔ provided correct results for total ionization cross sections of He by C 6ϩ in this velocity range, but that these calculations cannot yet be formulated in such a way as to provide reliable EEMDs. 
VI. CONCLUSIONS AND SUMMARY
We have presented ejected electron-momentum spectra, or EEMDs, for ionization of He by slow protons and bare carbon nuclei. For the proton case the longitudinal momentum spectra at the highest projectile velocities are dominated by soft electrons in the target continuum, with a small contribution of cusp electrons. These two features coalesce as the projectile velocity is lowered, and finally center at a Z velocity near that of the saddle point. The transverse momentum distributions at the lowest velocities are much narrower than are the longitudinal distributions. The CDW-EIS method gives an excellent description of the EEMDs for the higher velocities, but are less successful as v p is lowered. The CTMC is rather successful in describing the main features of the EEMDs at all velocities. For the C 6ϩ data, no evidence for any feature that can be identified as saddle-point electron emission is seen. The longitudinal momentum distributions are centered more nearly on the velocity of the center-of-mass of the system than on the saddle-point velocity. If this result were to be taken literally as evidence that the T process is not dominant, it would appear to be at odds with the agreement of the total ionization cross sections by slow bare nuclei with a scaling law suggested by Wu et al. ͓17͔ . The origin of this scaling law was suggested by its similarity to one for the T process. However, in the absence of explicit calculations for either total cross sections or EEMDs for either S or T processes for highly charged projectiles on He, no conclusive interpretation of the data in terms of these two mechanisms can be drawn. Neither the CDW-EIS nor the CTMC predictions are as successful for this case as for proton projectiles. We await further theoretical activity in this area.
